Cardiac hypertrophy and failure are accompanied by a reprogramming of gene expression that involves transcription factors and chromatin remodeling enzymes. Little is known about the roles of histone methylation and demethylation in this process. To understand the role of JMJD2A, a histone trimethyl demethylase, in cardiac hypertrophy, we generated mouse lines with heart-specific Jmjd2a deletion (hKO) and overexpression (Jmjd2a-Tg). Jmjd2a hKO and Jmjd2a-Tg mice had no overt baseline phenotype, but did demonstrate altered responses to cardiac stresses. While inactivation of Jmjd2a resulted in an attenuated hypertrophic response to transverse aortic constriction-induced (TAC-induced) pressure overload, Jmjd2a-Tg mice displayed exacerbated cardiac hypertrophy. We identified four-and-a-half LIM domains 1 (FHL1), a key component of the mechanotransducer machinery in the heart, as a direct target of JMJD2A. JMJD2A bound to the FHL1 promoter in response to TAC, upregulated FHL1 expression, and downregulated H3K9 trimethylation. Upregulation of FHL1 by JMJD2A was mediated through SRF and myocardin and required its demethylase activity. The expression of JMJD2A was upregulated in human hypertrophic cardiomyopathy patients. Our studies reveal that JMJD2A promotes cardiac hypertrophy under pathological conditions and suggest what we believe to be a novel mechanism for JMJD2A in reprogramming of gene expression involved in cardiac hypertrophy.
Introduction
Heart failure is a major public health problem and a leading cause of mortality in Western countries. It is the final common pathway for a wide spectrum of cardiovascular diseases including hypertension, coronary artery disease, myocardial ischemia, valve abnormalities, and inherited or acquired cardiomyopathies. There is no single unifying mechanism that explains the development and progression of heart failure. Nevertheless, heart failure is frequently preceded by left ventricular hypertrophy (LVH), and LVH is a major predictor for progressive heart disease and an adverse prognosis (1) .
Myocardial hypertrophy is an adaptive response of cardiac muscle to altered conditions caused by a large number of physiological and pathological stimuli (2) . Cardiac hypertrophy, even though it is physiological or compensatory in the beginning, can become pathological or maladaptive, leading to heart failure if left untreated. Pathological hypertrophy and heart failure are accompanied by a reprogramming of cardiac gene expression and activation of "fetal" genes that correlate with loss of cardiac functions (3) (4) (5) . Therefore, elucidation of the mechanism or mechanisms involved in the reprogramming of cardiac gene expression in hypertrophic and failing hearts could provide us information for designing drugs to manipulate and normalize cardiac gene expression in a "transcriptional therapy" for cardiac hypertrophy and failure (6) .
The transcriptional regulation of gene expression involves not only transcription factors but also posttranslational modifications of the histone tails. Histone modifications can alter chromatin conformations that allow the accessibility of transcription factors and the recruitment of the transcriptional complex on the promoter/enhancer and transcriptional regions of the genes. There are at least 7 distinct types of modifications found on histones, including methylation and demethylation (7) (8) (9) . Different histone methylation patterns can provide specialized binding surfaces that recruit protein complexes containing chromatin remodeling and transcriptional activation/repression activity. Multiple histone methyltransferase and demethylases have been identified. Studies have suggested their roles in multiple aspects of development across various species and in diseases such as cancer and neurological disorders (10) (11) (12) (13) (14) (15) (16) (17) (18) . However, the role of histone demethylases in the reprogramming of cardiac gene expression in hypertrophic and failing hearts remains elusive. A genome-wide histone methylation profile for heart failure showed a differential marking of trimethylation of H3K4 and H3K9 (H3K4me3 and H3K9me3) in cardiomyocytes during development of heart failure in both animal models and human (19) , suggesting that the enzymes responsible for methylation and demethylation of H3K4me3 and H3K9me3 may play a role in cardiac hypertrophy and heart failure.
JMJD2A/KDM4A is a member of the JmjC domain-containing family JMJD2 of histone demethylases, including JMJD2B, JMJD2C, JMJD2D, and JMJD1B (12, 14, 18) . JMJD2 proteins are lysine trimethyl-specific histone demethylases that catalyze the demethylation of trimethylated H3K9 (H3K9me3) and H3K36 (H3K36me3). Genome-wide studies show that H3K9me3 is enriched in heterochromatin (15) , which predicts that the H3K9me3 demethylase activities of JMJD2 proteins may act as transcriptional activators. Consistent with this model, JMJD2A and JMJD2D were reported to be coactivators for the androgen receptor (20) . On the other hand, JMJD2A has also been reported to repress N-CoR-regulated transcription in cell-culture studies (13, 21, 22) . These results suggest that the function of JMJD2A may be context dependent and emphasize the need for direct analysis of JMJD2A function in specific physiological settings. Of relevance to the study presented here, it is notable that the roles of histone methylation/demethylation and the corresponding enzymes in the reprogramming of cardiac gene expression during cardiac hypertrophy and failure have not been elucidated.
To understand the role of JMJD2A in the reprogramming of gene expression in hypertrophic hearts, we generated conditional heart-specific Jmjd2a KO (Jmjd2a hKO) mice and mouse lines that overexpress JMJD2A in the postnatal heart (Jmjd2a-Tg). Our studies demonstrate a role for JMJD2A in promoting cardiac hypertrophy under pathologic conditions. We identified four-and-a-half LIM domains 1 (FHL1) as a target of JMJD2A. We have found that JMJD2A binds to the FHL1 promoter in response to hypertrophic stimuli and upregulates the transcrip-
Figure 1
Generation and assessment of a cardiac-specific Jmjd2a KO mouse model. (A) Strategy used to delete Jmjd2a in mouse cardiomyocytes and generate the Jmjd2a hKO model. Schematic protein structure of JMJD2A (14) and maps of the WT Jmjd2a locus, the targeting vector, the floxed allele, and the excised allele are shown. Exons are shown in bars. Exon 3 is flanked by loxP sites. (B) Southern blot of tail DNA from a WT (+/+) and a heterozygous (fl/+) mouse using 5′ probe shown in A after digestion with BclI. (C) PCR genotyping on genomic DNA isolated from a WT (+/+), a heterozygous (fl/+), and a homozygous floxed (fl/fl) mouse using primers p1/p2 indicated in A. (D) Western blot demonstrating significantly reduced JMJD2A protein in the heart homogenate of Jmjd2a hKO mice at 4 weeks. (E) H&E stains of representative paraffin sections of control and hKO hearts 3 weeks after sham and TAC operation. (F) HW/BW ratios of control and hKO mice 3 weeks after sham and TAC operation (n = 10-14 per group). The HW/BW ratio after TAC operation was increased 79% compared with sham operation in control mice, whereas it was only increased 42% in hKO mice. (G) Myocyte cross-sectional areas from control and hKO mice (>200 myocytes per heart in randomly selected filed) were assessed (n = 6-8 per group). (H) mRNA transcripts of ANP, BNP, and myh7 in control and hKO mouse hearts after 3 weeks sham and TAC operation. RNAs were normalized to internal GAPDH expression and presented as the fold change relative to control sham samples (n = 4-6 per group). Values are mean ± SEM. *P < 0.05. tion of FHL1. We have further observed that the transcriptional activity of JMJD2A is mediated through SRF/myocardin. JMJD2A promotes recruitment of SRF/myocardin to the SRF-targeted genes. JMJD2A is upregulated in human hypertrophic cardiomyopathy (HCM) patients. Taken together, our studies show that JMJD2A promotes cardiac hypertrophy and suggest what we believe is a novel mechanistic interplay among SRF, myocardin, and JMJD2A in the reprogramming of gene expression during hypertrophic remodeling.
Results

Generation and characterization of Jmjd2a hKO.
JMJD2A is expressed ubiquitously and higher in the heart, the skeletal muscle, and the liver in mice (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI46277DS1). To study the biological function of JMJD2A in the heart, we generated mice with conditional alleles for Jmjd2a and mice with deleted Jmjd2a in the heart using α-MHC-Cre (ref. 23 and Figure 1 , A-D). The deletion of exon 3 in the Jmjd2a fl/fl × α-MHC-Cre mouse (Jmjd2a hKO) resulted in a significant reduction of JMJD2A protein in the heart compared with control mice (Jmjd2a fl/fl ) ( Figure 1D ). The residual JMJD2A in hKO hearts may come from the contribution of noncardiomyocytes in the heart and/or incomplete deletion of Jmjd2a in the cardiomyocyte by the α-MHC-Cre transgene. Jmjd2a hKO mice are viable and no overt baseline cardiac phenotypes were observed for mice up to 6 months of age. The cardiac function of adult Jmjd2a hKO mice was indistinguishable from that of control mice as assayed by echocardiograph (data not shown). (E) Transcript levels of fetal gene markers, including ANP, BNP, and myh7, were quantified by real-time qRT-PCR, normalized against levels of internal GAPDH, and expressed as the fold change relative to that of sham-operated WT animals (n = 3 per group). The HW/BW ratio after TAC operation was increased 50% compared with sham operation in WT mice, whereas it was increased 100% in Tg mice. Values are mean ± SEM. *P < 0.05.
Jmjd2a hKO mice have attenuated hypertrophic responses.
To determine whether Jmjd2a hKO mice have altered cardiac responses under pathological conditions, we subjected hKO and control (Jmjd2a fl/fl ) littermates to transverse aortic constriction (TAC), which causes pathological cardiac hypertrophy due to increased afterload (24) . Three weeks after TAC, Jmjd2a hKO hearts were significantly smaller than those of control mice ( Figure 1E ). This is reflected in a significantly smaller increase in heart weight/body weight (HW/BW) ratio ( Figure 1F ) and cross-sectional cardiomyocyte areas ( Figure 1G ) in hKO mice compared with those of controls. hKO mice also showed better preserved cardiac function after TAC compared with TAC-operated control mice, as indicated by echocardiograph (Table 1) . A blunted hypertrophic response in hKO mice was further indicated by significantly decreased expression of the "fetal gene" markers ANP, BNP, and myh7 in response to TAC-induced pressure overload compared with that of control mice ( Figure 1H ). To address the possible effect of Cre-transgene on the cardiac phenotype, we also subjected Jmjd2a +/+ ×α-MHC-Cre mice to sham and TAC operation and compared the phenotype with those of Jmjd2a fl/fl littermates. No significant differences of hypertrophic responses were observed between the 2 genotypes (Supplemental Figure 2) , suggesting that the hypertrophic response we observed in hKO mice is not due to the effect of the α-MHC-Cre transgene.
Overexpression of Jmjd2a in postnatal hearts exacerbates the hypertrophic response to TAC-induced hypertrophy. To determine whether gain of function of JMJD2A promotes cardiac hypertrophy, we generated transgenic mice in FVB background with JMJD2A expressed specifically in the postnatal heart ( Figure 2A ). Four founder mice were obtained. Two transgenic lines (Tg-A and Tg-B) with modest JMJD2A expression shown by Western blot analysis ( Figure   2A ) were established. The results presented here are those obtained with the transgenic line B. In the absence of stress, Jmjd2a-Tg mice displayed normal cardiac morphologies and functions similar to those of WT littermates (data not shown). Three weeks after TAC, Jmjd2a-Tg mice manifested an exacerbated hypertrophic response ( Figure 2B ) compared with that of WT littermates with significantly increased HW/BW ratio ( Figure 2C ). Analysis of cross-sectional cardiomyocyte areas also revealed a further increase in cardiomyocyte size after TAC in Tg mice compared with that of WT littermates ( Figure 2D ) and more fibrosis (data not shown). TAC Jmjd2a-Tg mice also showed significant loss of cardiac function compared with TAC WT mice ( Table 2 ). An increase in hypertrophic response in TAC Jmjd2a-Tg mice is further indicated by the significantly larger increases of the expression of cardiac fetal gene markers such as ANP, BNP, and myh7 compared with those of WT littermates ( Figure 2E ). Similar exacerbated hypertrophic responses to TAC were also observed with the transgenic line A (Supplemental Figure 3) , suggesting that the observed phenotypes are specifically due to JMJD2A. We also noticed a difference in the TAC-induced hypertrophic response between the WT mice in Figure 2C and control/WT mice in Figure 1F . This may be due to the difference of the genetic background of the KO (129/ C57BL6) and transgenic (FVB) mice.
To determine whether JMJD2A is pathophysiologically relevant to human cardiac hypertrophy, we examined the protein levels of JMJD2A in the hearts of patients with HCM and non-HCM individuals by Western blot analysis. As shown in Figure 3 , JMJD2A protein was significantly upregulated in HCM patients, and the upregulation was paralleled with that of BNP. An additional band was detected in human JMJD2A Western blot analysis. Whether this band is an alternative splice variant or degradation of JMJD2A remains to be determined. We also performed quantitative RT-PCR (qRT-PCR) analysis on the transcript of JMJD2A and BNP and observed similar upregulation of JMJD2A and BNP in HCM patients compared with controls. These data, together with those of loss-of- and gain-of-function studies of JMJD2A in mice, suggest that JMJD2A is a prohypertrophic factor under pathological conditions.
Jmjd2a upregulates the expression of FHL1 and binds to the FHL1 promoter in vivo in response to TAC. To understand the molecular mechanism or mechanisms that underlie the prohypertrophic function of JMJD2A, we performed gene profiling experiments with cDNAs 
Figure 3
JMJD2A is upregulated in human hypertrophic hearts. (A) Heart tissue samples of human HCM patients and unmatched non-HCM controls (con) were subjected to Western blot analysis using antibodies against JMJD2A, BNP, and GAPDH. Consistent with the HCM phenotype, BNP was upregulated in HCM samples. The lanes were run on the same gel but were noncontiguous. (B) More importantly, JMJD2A was significantly upregulated in HCM samples (n = 7) compared with samples from the non-HCM patients (n = 4). GAPDH was used as the loading control. (C) Relative mRNA levels of JMJD2A and BNP in control (n = 3) and HCM patients (n = 7) measured by qRT-PCR. Values are mean ± SEM. *P < 0.05.
from the hearts of WT, Jmjd2a hKO, and Jmjd2a-Tg mice. Of the genes whose expressions were altered in the hKO and transgenic mouse hearts in comparison with those of control/WT mice, we noticed that FHL1 was significantly changed (Figure 4 ). FHL1 was upregulated in response to TAC, which was significantly reduced in Jmjd2a hKO mice compared with controls ( Figure 4 , A and C) and exacerbated in transgenic mouse hearts ( Figure 4 , B and C).
No change of expression for FHL2, a close member of the FHL protein family, was observed in either hKO or Tg mouse hearts compared with either control or WT mice, respectively ( Figure 4C ). We also noticed that, although both mRNA and protein levels of FHL1 were consistently altered in Jmjd2a hKO and/or in Jmjd2a-Tg mouse hearts when compared with their respective controls, the fold change in protein level was less than that of mRNA, suggesting an alternative posttranslational mechanism for FHL1 regulation independent of JMJD2A.
Sheikh et al. have shown that FHL1 is a biomechanical stress sensor that mediates the MAPK-activated signaling pathway. FHL1 is required for pressure overload-induced cardiac hypertrophy, as deletion of FHL1 blunts the TAC-induced hypertrophic response (25) . Upregulation of FHL1 leads to activation of the MAPK pathway (25) . Consistent with this notion, we observed upregulation of p-ERK1/2 at baseline ( Figure 4C ) and a further increase in transgenic mouse hearts upon TAC ( Figure 4C ). Upregulation of p-ERK1/2 in response to TAC was attenuated in TAC-operated Jmjd2a hKO mice ( Figure 4C ). We also observed upregulation of fetal gene expression in FHL1-transduced neonatal cardiomyocytes (Supplemental Figure 4) , suggesting that FHL1 can promote cardiac hypertrophy under cardiac stresses. In light of the functional importance of FHL1 in promoting cardiac hypertrophy, we next focused on investigating whether and how FHL1 is regulated by JMJD2A. We first determined whether JMJD2A regulates FHL1 transcription by binding to the FHL1 promoter in vivo and in response to pressure overload using ChIP assays. As shown in Figure 5A , JMJD2A binds the FHL1 promoter in response to TAC in either WT or control (Jmjd2a fl/fl ) mice ( Figure 5A ). Binding of JMJD2A to the FHL1 promoter is specific, as a JMJD2A ChIP assay on the GAPDH promoter (a negative control) showed very little binding of JMJD2A to the GAPDH promoter (data not shown). Furthermore, ChIP assays with anti-JMJD2A antibodies in Jmjd2a hKO hearts showed very little binding ( Figure 5A ), which was similar to the results obtained using IgG control (data not shown). Significant amounts of JMJD2A were also found to bind the FHL1 promoter in Jmjd2a-Tg mouse hearts at baseline and were further augmented in TAC-operated Jmjd2a-Tg mouse hearts compared with those of WT counterparts ( Figure  5A ). ChIP assays with anti-H3K9me3 antibody indicated that binding of JMJD2A to the FHL1 promoter was associated with decreased levels of H3K9me3 ( Figure 5B ). The H3K9me3 level was also significantly downregulated in Jmjd2a-Tg mice and further decreased upon TAC ( Figure 5B) . Consistent with the role of JMJD2A in regulating the level of H3K9me3, no significant reduction of H3K9me3 was observed in association with TAC operation in Jmjd2a hKO mice ( Figure 5B ).
Jmjd2a upregulates the transcription of FHL1 through SRF and myocardin.
To understand how JMJD2A is recruited to the FHL1 promoter, we examined the 5′-upstream genomic sequences of the FHL1 promoter and identified a conserved serum responsive factor-binding (SRF-binding) site (Supplemental Figure 5) , known as the CArG box (26) . A gel mobility shift assay indicated that this CArG box is a functional SRF-binding site, as it formed a specific nucleotide-protein complex with SRF ( Figure 6A ). We next cloned the 1.9-kb promoter sequence containing this CArG box in front of a luciferase reporter plasmid and tested the ability of JMJD2A to transactivate the reporter. Myocardin (myocd) is a SRF cofactor and activates transcription of SRF-dependent genes in cardiac and smooth muscle cells (26) (27) (28) (29) (30) . Myocardin activated the transcription of FHL1, which was further upregulated by JMJD2A ( Figure  6B ). The ability of JMJD2A to increase the transcription of FHL1 requires its demethylase activity, as a demethylase-inactive mutant of JMJD2A, 2A (H188A), failed to augment myocardin-activated FHL1 transcription ( Figure 6B ). Activation of FHL1 transcription by myocardin and JMJD2A was SRF-dependent, as mutation of the CArG box abolished the transactivation of FHL1 by myocardin or myocardin plus JMJD2A ( Figure 6C) . Furthermore, the ability of myocardin/JMJD2A to activate the transcription of FHL1 was abolished in SRF-null cells ( Figure 6D ). These results indicate that JMJD2A is a cofactor of SRF/myocardin and its catalytic activity is required for this coactivation. Since the cardiac "fetal" genes ANP and sm22 are known SRF/myocardin-targeted genes, we tested to determine whether JMJD2A can augment the transcription of these genes. As expected, JMJD2A upregulated myocardin-activated transcription of ANP and sm22 in a demethylase-dependent manner as well ( Figure 6 , E and F, respectively).
Hebbar and Archer have shown that all 4 core histones (H2A, H2B, H3, and H4) and the linker histone H1 are associated with transiently transfected DNA despite altered histone H1 stoichiometry and an absence of nucleosome positioning on transfected DNA (31) . As demethylated H3K9me3 could provide binding sites to recruit transcription factors, the inability of the demethylaseinactive mutant JMJD2A (H188A) to augment myocardin-activated FHL1-luc reporter suggests that there may be less myocardin binding on the FHL1-luc promoter. We performed ChIP assays to test this hypothesis. As shown in Figure 7A , although the expression levels of myocardin in transfected cells were similar (data not shown), there was more myocardin bound on the FHL1 promoter in cells transfected with both JMJD2A and myocardin than in cells transfected with myocardin alone or myocardin with the catalytically inactive mutant JMJD2A ( Figure 7A ). An increased amount of SRF was also found to be associated with the endogenous FHL1 promoter chromatin in vivo in either Jmjd2a-Tg mouse heats or hypertrophic mouse hearts after TAC surgery ( Figure 7B ).
To test whether the demethylase activity of JMJD2A is required for activation of FHL1 transcription in vivo, we performed gene knockdown (KD) experiments in rat neonatal cardiomyocytes using JMJD2A-specific siRNA duplexes. The mRNA level of JMJD2A was significantly KD by JMJD2A-specific siRNAs compared with control nonspecific siRNA (80% reduction; Figure 8A) . Consistent with what we observed in Jmjd2a hKO mice, downregulation of JMJD2A in cardiomyocytes resulted in a decrease in the FHL1 transcription at baseline ( Figure 8B ). Reexpression of JMJD2A in the JMJD2A KD cardiomyocytes using adenoviral transduction restored FHL1 expression (Figure 8B) , whereas the mutant JMJD2A (H188A) did not ( Figure  8B ). We also determined whether JMJD2A is involved in phenylephrine-stimulated (PE-stimulated) myocyte hypertrophy. PE had no effects on the transcript level of JMJD2A ( Figure 8A ) and significantly upregulated FHL1 transcription ( Figure 8C ). Upregulation of FHL1 by PE was significantly attenuated in JMJD2A KD cells ( Figure 8C) . Upregulation of fetal genes by PE, including ANF, BNP, and myh7 ( Figure 8C) , and of the cardiomyocyte size ( Figure 8D ) in JMJD2A KD cells were significantly attenuated, suggesting that JMJD2A mediates the hypertrophic effect of PE on cardiomyocytes.
Discussion
A key finding in the current study is that JMJD2A promotes cardiac hypertrophy under pathological conditions. This is supported by both gain-of- and loss-of-function studies presented here. While overexpression of JMJD2A in mice exacerbates the hypertrophic response to pressure overload, inactivation of Jmjd2a blunts it (Figures 2 and 1, respectively) . Since JMJD2A is upregulated in human HCM patients (Figure 3 ), we speculate that this upregulation of JMJD2A may play an active role in promoting cardiac hypertrophy in humans under cardiac stress conditions. It is noted that the mechanism by which the JMJD2A activity is regulated in mice may be different from that in humans, since we did not observe upregulation of JMJD2A expression in TAC-induced hypertrophy in our mouse model (data not shown). Rather, we found enhanced binding of JMJD2A to the promoter of prohypertrophic genes such as FHL1 in response to TAC.
Our studies suggest that JMJD2A may promote cardiac hypertrophy through FHL1. This is supported by the following evidence: FHL1 is known to mediate pressure overload-induced cardiac hypertrophy (25) , and overexpression of FHL1 in cardiomyocyte upregulates fetal gene expression (Supplemental Figure 4) . JMJD2A activates the transcription of FHL1 both in vitro and in vivo and in response to hypertrophic stimuli (Figures 4-6 ). The phenotype of cardiac inactivation of Jmjd2a is consistent with that of FHL1 KO mice (Figure 1) . The MAPK-signaling pathway regulated by FHL1 is also affected by JMJD2A (Figure 4) . It remains to be determined whether FHL1 is the major downstream effector of JMJD2A. This could be determined by examining the phenotype of Jmjd2a-Tg and FHL1-null compound mice and testing to determine whether inactivation of FHL1 blunts the TAC-induced hypertrophy in Jmjd2a-Tg mice. It is likely that JMJD2A may have other transcriptional targets during hypertrophic remodeling. We have shown that JMJD2A can synergistically activate ANP and sm22 transcription with SRF/myocardin in vitro ( Figure 6 ). Myocardin/SRF has been shown to be involved in cardiac development and hypertrophic remodeling (32) (33) . Whether these and/or other SRF/myocardin-targeted genes mediate the prohypertrophic function of JMJD2A in vivo remains to be determined in the future. A genome-wide ChIP followed by deep sequencing (ChIP-seq) with chromatins from Jmjd2a-Tg and Jmjd2a hKO hearts would provide means to identify further potential JMJD2A targets involved in cardiac hypertrophy and heart failure.
It is well established that histone modifications play important roles in gene transcription. Over the past decades, a great deal has been learned regarding histone acetylation and its role in cardiac remodeling (6) . By comparison, little is known about the function of histone methylation even though it is the most abundant JMJD2A enhances the binding of SRF/myocardin to the FHL1 promoter. (A) QBI293A cells were transfected with the plasmids indicated. ChIP assays were performed 24 hours later using anti-myc and anti-JMJD2A antibodies as indicated. (B) ChIP assays were performed with lysates of sham-and TAC-operated WT mouse hearts and with WT and Jmjd2a-Tg mouse hearts using anti-SRF antibody. Chromatins associated with SRF on the FHL1 promoter were quantified using qPCR. Data are expressed as mean ± SEM of 3 independent experiments. *P < 0.05.
form of histone modifications. Unlike histone acetylation, which is usually associated with gene activation, histone methylation can lead to either activation or repression of gene transcription, depending on the lysine residues, the degree of methylation status (mono-, di-, or trimethylation), and chromatin location. It was shown previously that JMJD1A, a di/monomethyl demethylase, can activate the expression of contractile genes in smooth muscle cells (34) . Our studies indicate that trimethyl demethylation of H3K9me3 at the FHL1 promoter by JMJD2A in cardiomyocytes promotes gene transcription. As JMJD2A upregulates other SRFregulated genes such as ANP and sm22, it is tempting to speculate that demethylation of H3K9 on promoters of SRF-targeted genes activates gene transcription.
JMJD2A could activate the transcription of SRF-targeted genes by either providing binding sites that stabilize/increase the affinity for transcription factors or preventing binding of H3K9me3 to heterochromatin binding protein HP-1. Binding of HP-1 to H3K9me3 was known to mediate conversion of euchromatin to heterochromatin, resulting in silencing of gene transcription. Our studies favor the former possibility as KD of JMJD2A did not abolish the ability of SRF/myocardin to activate FHL1 transcription (Supplemental Figure 6) , suggesting that FHL1 was not inactivated in the absence of JMJD2A. Furthermore, we observed an increased amount of SRF/myocardin binding to the FHL1 promoter that is associated with upregulation of JMJD2A and decreased levels of H3K9me3. Taken together, our data suggest a feed-forward mechanism for the synergy between SRF/myocardin and JMDJ2A; SRF/myocardin recruits JMJD2A to the FHL1 promoter. In turn, JMJD2A demethylates H3K9me3, generating a surface/binding area for further recruitment of SRF/myocardin.
JMJD2A is a global regulator of chromatin remodeling and gene expression, and yet deletion of JMJD2A affects the transcription of only a handful of genes. While this finding may seem paradoxical, it is not unexpected. Gene expression is regulated through the action of transcription factors and histone-modifying enzymes. Many different histone-modifying enzymes, including HDACs, HATs, HMTs, and HDMs, contribute to the dynamic regulation of chromatin structure and function, with concomitant impacts on gene transcription. Unlike transcription factors that often have on-off effects on gene transcription, the effects of histonemodifying enzymes on gene transcription are often modulatory. This modulatory effect can be context- and gene-dependent such that only those genes exceeding the threshold will yield a phenotype and be identified. Therefore, it is not surprising that deletion of JMJD2A in the heart resulted in changes of the transcription levels of only a few target genes. However, it is worth noting that FHL1 (B, lanes 1-5, and C, lanes 1-4) , and fetal genes (C, lanes 5-16) were determined 24 hours after the treatment using qRT-PCR, normalized against internal GAPDH, and expressed relative to those of the vehicle-treated cRNAi transfected cells. (D) Cardiomyocytes were photographed, and areas were quantified using ImageJ and expressed relative to those of the vehicle-treated cRNAi transfected cells. Data are expressed as mean ± SEM of 3 independent experiments. *P < 0.05. even though the number of genes whose expressions are affected by deletion of Jmjd2a is small, the genome-wide H3K9me3 marks affected by Jmjd2a deficiency may still be large. It will be interesting to identify these marks using ChIP-seq and to further investigate the relationship between JMJD2A-regulated H3K9me3 marks and other chromatin marks, i.e., histone code, for such a relationship may ultimately determine the transcriptional state of the gene as either active, repressed, or poised for activation.
In summary, our studies indicate that JMJD2A promotes cardiac hypertrophy in response to hypertrophic stimuli. JMJD2A demethylates H3K9me3 and activates transcription of prohypertrophic genes synergistically with SRF/myocardin. It is noted that the effect of JMJD2A on the expression of SRF/myocardin-targeted genes is modulatory, as loss of function of Jmjd2a does not abolish the ability of SRF/myocardin to activate gene transcription. JMJD2A could be a potential drug target for transcriptional therapy against cardiac hypertrophy and heart failure. It will be worth determining in the future whether small molecules designed to target the demethylase activity of JMJD2A could reduce and normalize the expression of SRF/myocardin-targeted genes that are upregulated during cardiac remodeling without compromising the physiological cardiac growth and functions of these genes that are part of the adaptive response to altered conditions.
Methods
Gene targeting. A Jmjd2a-targeting vector was generated using the pGKNEO-F2L2-DTA vector that contains a neomycin resistance cassette flanked by frt and loxP sites and a diphtheria toxin gene cassette. The arms for homologous recombination were generated by high-fidelity PCR amplification of 129SvEv genomic DNA. The resulting vector was verified by restriction mapping and DNA sequencing. The targeting vector was linearized with PvuI and electroporated into 129SvEv-derived ES cells. ES cell clones were screened for homologous recombination by Southern blot analysis. Genomic DNA was digested with BclI, and successful loxP site incorporation was confirmed with a 5′ probe and PCR strategy. Targeted ES cells were injected into the blastocysts of C57BL/6 females to generate chimeric mice. Chimeras were bred to C57BL/6 females to achieve germline transmission. The Jmjd2a fl/fl mice were intercrossed to α-MHC-Cre transgenic mice to obtain mice with Jmjd2a-null allele specifically in the heart. All experiments on control and JMJD2A hKO mice were conducted on a 129SvEv/C57BL6 mixed background.
Generation of Jmjd2a-Tg mice. A fragment containing cDNA for human JMJD2A with an N-terminal Flag tag was subcloned into the SalI/HindIII sites between the mouse cardiac α-MHC promoter and the human growth hormone gene polyadenylation sequence (35) . The plasmid was digested free of vector sequence with BamHI, purified, and microinjected into fertilized eggs of FVB mice to generate transgenic mice according to standard procedures. Founder and offspring mice were genotyped by PCR (Supplemental Table 1 ).
Surgical procedures and echocardiography. TAC and sham surgery were performed on control, Jmjd2a hKO, WT, and heterozygote transgenic mice at 8 to 10 weeks of age as described previously (24) . Echocardiography was performed on mice before sacrifice. All animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Texas Southwestern Medical Center.
Measurement of cardiomyocyte area. Cardiomyocyte size was assessed by measuring the mean cardiomyocyte cross-sectional area for each shamoperated and TAC-operated heart. More than 200 randomly selected cardiomyocytes cut in cross-section and with a central nucleus on H&E-stained heart sections were measured with ImageJ.
RNA and cDNA preparation, real-time qRT-PCR, and microarray analysis. Total RNA was isolated with TRIzol reagent (Invitrogen) following manufacturer's protocol. First-strand cDNA was made using Superscript III Reverse Transcriptase (Invitrogen). SYBR-based qRT-PCR was used to examine relative levels of selected mRNAs. All data were normalized to an internal standard (GAPDH; ΔCT method). Sequences for gene-specific primer pairs are listed in Supplemental Table 1 . Microarray analyses were performed using RNAs of mouse hearts from WT sham, WT TAC, Jmjd2a-Tg sham, Jmjd2a-Tg TAC, control, and Jmjd2a hKO mice with Illumina bead array platform. All microarray data were deposited into the NCBI GEO repository (GSE27689).
ChIP. ChIP was performed as described with minor modifications (36) . Protein-chromatin complexes were immunoprecipitated with antibodies against JMJD2A (Bethyl), trimethylated H3K9 (Abcam), and SRF (Santa Cruz Biotechnology Inc.). Immunoprecipitated chromatin fragments were quantified by SYBR-based qPCR, normalized using the percent input method (Invitrogen).
Protein and Western blot. Tissue protein was extracted with T-PER buffer (Pierce) according to the manufacture's protocol. After SDS-PAGE separation, the protein was probed on nylon membrane (Bio-Rad). The following antibodies were used: JMJD2A (Bethyl), FHL1 (Abcam), FHL2 (Abcam), p-ERK1/2, ERK1/2, p-AKT, AKT (Cell Signaling), BNP (Santa Cruz Biotechnology Inc.), and GAPDH (Santa Cruz Biotechnology Inc.).
Gel shifts. Gel shifts were performed as described (37) . Briefly, in vitrotranslated SRF (Promega) was incubated with 32 P-labeled oligonucleotide probe in binding buffer at room temperature for 20 minutes. DNA and protein complexes were separated on 8% nondenaturing polyacrylamide gels. Competition experiments were performed by addition of a 100-fold molar excess of non-radio-labeled WT or mutant oligonucleotide probes. Supershift assay was performed with addition of anti-SRF antibody for 15 minutes following incubation of SRF and radioactive probe in binding buffer.
Plasmids, cell culture, transfection, siRNA, and luciferase reporter assays. The expression vector of human JMJD2A was made by subcloning PCR-amplified inserts into Flag-tagged pcDNA3.1 (Invitrogen). FHL1-luciferase reporter was constructed by subcloning PCR-amplified inserts corresponding to the promoter sequence of FHL1 from mouse genomic DNA (-1105 to +832) into the pGL3-basic vector (Promega). Point mutation of the FHL1 promoter was performed using the QuikChange kit (Stratagene). Primers used in the cloning are listed in Supplemental Table 1 . ANP- and sm22-luciferase reporter constructs, SRF and myocardin expression plasmids, and SRF-null ES cells were gifts from E. Olson (University of Texas Southwestern). QBI-293A cells (ATCC) were maintained in complete medium (DMEM supplemented with 10% fetal bovine serum, 2 mM glutamine, and penicillin/streptomycin). Rat neonatal ventricular cardiomyocytes were prepared as described (38) . Cells were transfected with a combination of plasmids indicated for each experiment using Fugene 6 (Roche). siRNA duplex (smart pool) was purchased from Dharmacon and transfected using Lipofectamine 2000 (Invitrogen). Cell lysates were assayed for luciferase expression using a luciferase assay kit (Promega). Relative promoter activities were expressed as relative luminescence units normalized for cotransfected β-galactosidase activities in the cell.
Adenoviruses expressing JMJ2A and FHL1 and neonatal cardiomyocyte culture. Adenoviruses harboring FHL1, WT, and mutant forms of JMJD2A were constructed and packaged with AdEasy XL Adenoviral system (Stratagene) according to the manufacturer's protocol. The recombined constructs were used to package and amplify adenovirus in QBI-293A cells.
Patient samples and controls. Human hypertrophic heart tissue samples were obtained from patients undergoing surgical myectomy who were previously diagnosed with HCM. Control non-HCM adult human ventricular tissue samples were obtained from unmatched victims of motor vehicle accidents (2 cases) and patients previously diagnosed with atrial fibrillation (2 cases).
Tissue procurement was based on the receipt of written patient-informed consent and approved by the institutional review boards (Peking Union Medical College). Western blot analysis of the tissue lysates was performed using standard protocols with antibody against JMJD2A (Bethyl), BNP (Santa Cruz Biotechnology Inc.), and GAPDH (Santa Cruz Biotechnology Inc.).
Statistics. All data are shown as mean ± SEM. When comparing multiple groups, 1-way ANOVA was used. Student's t test (2-tailed) was used to compare the difference between 2 groups. P < 0.05 was considered statistically significant.
